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ABSTRACT
In typical environments of star-forming clouds, converging supersonic turbulence
generates shock-compressed regions, and can create strongly-magnetized sheet-like
layers. Numerical MHD simulations show that within these post-shock layers, dense
filaments and embedded self-gravitating cores form via gathering material along
the magnetic field lines. As a result of the preferred-direction mass collection, a
velocity gradient perpendicular to the filament major axis is a common feature
seen in simulations. We show that this prediction is in good agreement with recent
observations from the CARMA Large Area Star Formation Survey (CLASSy), from
which we identified several filaments with prominent velocity gradients perpendicular
to their major axes. Highlighting a filament from the northwest part of Serpens
South, we provide both qualitative and quantitative comparisons between simulation
results and observational data. In particular, we show that the dimensionless ratio
Cv ≡ ∆vh2/(GM/L), where ∆vh is half of the observed perpendicular velocity difference
across a filament, and M/L is the filament’s mass per unit length, can distinguish
between filaments formed purely due to turbulent compression and those formed due
to gravity-induced accretion. We conclude that the perpendicular velocity gradient
observed in the Serpens South northwest filament can be caused by gravity-induced
anisotropic accretion of material from a flattened layer. Using synthetic observations
of our simulated filaments, we also propose that a density-selection effect may explain
observed subfilaments (one filament breaking into two components in velocity space)
as reported in Dhabal et al. (2018).
Key words: ISM: clouds – ISM: magnetic fields – magnetohydrodynamics (MHD) –
stars: formation – turbulence
1 INTRODUCTION
Filaments are prevalent in observed star-forming clouds
(Schneider & Elmegreen 1979; Bally et al. 1987; Goldsmith
et al. 2008), and are generally considered to be connected
with dense, star-forming cores (Andre´ et al. 2010; Ko¨nyves
et al. 2010; Polychroni et al. 2013). Since the extensive stud-
ies completed with Herschel (Miville-Descheˆnes et al. 2010;
Ward-Thompson et al. 2010), a number of properties of ob-
served filaments have been intensively studied including the
density and temperature profiles (Arzoumanian et al. 2011,
2019; Juvela et al. 2012; Palmeirim et al. 2013, or see Andre´
? E-mail: cc6pg@virginia.edu
et al. 2014 for a review), the velocity sub-structures termed
“fibers” (Hacar et al. 2013), and the relative orientation be-
tween filaments and magnetic fields as revealed by Planck
(Planck Collaboration Int. XXXV 2016). In addition, molec-
ular line observations with dense gas tracers have also been
used to probe the detailed kinematics within individual fil-
amentary systems (Kirk et al. 2013; Ferna´ndez-Lo´pez et al.
2014; Dhabal et al. 2018).
In theoretical studies, filamentary structures appear
in large-scale simulations investigating turbulence-induced
cloud evolution either with or without magnetic fields
and/or self-gravity (Ostriker et al. 1999, 2001; Klessen et
al. 2004; Jappsen et al. 2005; Padoan et al. 2007; Nakamura
& Li 2008; Federrath 2016), and also in more idealized stud-
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ies of gravitational/magnetic instabilities in sheet-like clouds
(Ciolek & Basu 2006; Basu et al. 2009; Van Loo et al. 2014),
While filamentary structures can arise from a variety of dy-
namical processes, the densest ones, which ultimately host
the formation of stars, are likely to form in gas that has been
strongly compressed by a converging, supersonic flows. Nu-
merical studies of colliding flows which also include turbu-
lence have indeed demonstrated the formation of filaments in
post-shock layers and creation of embedded self-gravitating
cores (Va´zquez-Semadeni et al. 2007; Gong & Ostriker 2011;
Chen & Ostriker 2014; Gong & Ostriker 2015). Observa-
tions of filament separation in clouds has also suggested that
filaments form within shock-compressed sheets (Hartmann
2002).
As filaments are seen in a diversity of environments,
and at a range of scales, they may have several different
formation mechanisms. Filaments of cold gas in the warm
ISM may occur as a result of thermal instability in com-
bination with turbulent compression and shear (e.g., Au-
dit & Hennebelle 2005; Piontek & Ostriker 2005; Heitsch
et al. 2006; Va´zquez-Semadeni et al. 2006; Inoue & In-
utsuka 2009). Within entirely-molecular gas, filaments are
commonly considered to be the products of direct com-
pression of interstellar turbulence, or as part of the cloud-
scale gravitational collapse (see e.g., Hennebelle & Andre´
2013; Go´mez & Va´zquez-Semadeni 2014; Auddy et al. 2016).
Though filaments are often seen to have velocity substruc-
ture in both observations and simulations (e.g. Hacar et al.
2013; Moeckel & Burkert 2015), the classical filament model
of a static, self-gravitating, infinitely long cylinder (Ostriker
1964) is still widely adopted to interpret observation results
(e.g. Johnstone & Bally 1999; Hatchell et al. 2005; Arzou-
manian et al. 2011). Static filament models with non-zero
external pressure are more realistic than filaments of infi-
nite radius for comparison to real clouds (Fischera & Mar-
tin 2012). It is also possible to consider temporal evolution
of self-gravitating cylinders in various limits (e.g. Inutsuka
& Miyama 1992; Heitsch 2013b). However, the lack of sym-
metry in molecular clouds and their dynamic nature implies
that filaments in general must form from gas structures that
are not cylindrically symmetric (Heitsch 2013a), and signa-
tures of the formation may be evident in the velocity fields
around filaments. In particular, when filaments form via self-
gravitating contraction in a shock-compressed dense layer,
the velocity field surrounding the center of the forming fila-
ment will have converging-flow motions primarily in a plane
containing the filament (Chen & Ostriker 2014, 2015; here-
after CO14, CO15).
In this paper, we describe the kinematic properties of
forming filaments as obtained in numerical MHD simula-
tions, and compare to kinematic features revealed in molec-
ular line observations conducted by the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) towards
nearby star-forming clouds, as part of the CARMA Large
Area Star Formation Survey (CLASSy) project (Storm et
al. 2014, 2016; Lee et al. 2014). Several filaments in the
Perseus and Serpens Molecular Clouds show clear gradient
across their major axes in line-of-sight velocity (Ferna´ndez-
Lo´pez et al. 2014; Dhabal et al. 2018), a signature feature
of preferred-direction accretion described in CO14. In addi-
tion, the relatively narrow turbulent line widths at high an-
gular resolution in Perseus and Serpens indicate that these
turbulence
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Figure 1. The “preferred-direction” filament formation versus
isotropic gas flow. The observed velocity gradient across the fil-
ament indicates there is a preferred direction for gas flows near
the filament (left). Filament formation within a compressed layer
naturally exhibits convergent flow within the layer which appears
as a local velocity gradient on the plane of the sky. In contrast,
if the filament formation is cylindrically-symmetric, material is
drawn in equally from around the cylinder and there is no gra-
dient along the line-of-sight velocity, since the red-shifted and
blue-shifted components are symmetric (right).
are flattened structures along the line of sight with depth
∼ 0.3 pc (Lee et al. 2014; Storm et al. 2014), in agreement
with the expected thickness of the post-shock layer created
by converging flows (e.g. CO14, CO15). We therefore sug-
gest that these observed filaments in Perseus and Serpens
are forming via preferred-direction accretion within locally
flat regions, which themselves may have been generated by
large-scale shocks within each cloud.
The outline of this paper is as follows. We review and il-
lustrate from simulation data our proposed model of filament
formation within shocked layers in Section 2. In Section 3
we describe the numerical simulations we employ from CO14
and CO15, as well as how we characterize the filaments (Sec-
tion 3.2). Section 3.3 presents discussions of the key prop-
erties of filaments identified in these simulations, including
an evolutionary study and the quantitative measurements
of gravity-induced velocity gradient. We provide a detailed
comparison to observational data from CLASSy in Section 4,
where we also discuss a possible origin of multiple velocity
components within individual filaments (Section 4.3). We
summarize our conclusions in Section 5.
2 FILAMENT FORMATION WITHIN FLAT
LAYERS: KINEMATIC SIGNATURES
In simulations of large-scale supersonic converging flows,
small-scale perturbation initiates local overdensities within
the shock-compressed layer. In the case that the large-
scale converging flow produces a shocked layer that be-
comes marginally self-gravitating, even small velocity per-
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turbations would induce formation of overdense structures
that start gravitationally pulling in material to form added
filaments and dense cores. Such two-stage model for core for-
mation in strongly magnetized layers is described in CO14
and CO15.
Since the perpendicular component of the velocity is
mostly lost in transitioning through the shock, the gas ve-
locity within the compressed layer is mostly parallel to the
plane of the shock front. Therefore, if viewed from an angle
not perfectly face-on to the post-shock layer, the line-of-
sight velocity around a filament will have a gradient across
its major axis. This “preferred-direction” filament formation
process is illustrated in Figure 1. The gradient is initially
due to the relatively weak, locally-converging velocity per-
turbation within the post-shock layer that is necessary to
generate the seed of the filament. This proto-filament grows
faster than the layer, and once it becomes overdense enough
to be strongly self-gravitating, it draws in the denser in-
falling material from the post-shock layer which maintains
and enlarge the velocity gradient.
Note that in the filament formation scenario described
above, magnetic field is not required for filaments to show
velocity gradients perpendicular to their major axes (see
e.g. Fig. 2 of Gong & Ostriker 2011). However, in the pres-
ence of dynamically-important magnetic field, the preferred-
direction mass accretion guided by magnetic field lines could
enhance the detection of velocity gradients across filaments
by regulating gas flows surrounding the filaments. Also note
that, though the flows that produce filaments are primarily
along magnetic fields, it is not necessary for filaments to be
strictly perpendicular to the local magnetic field, because
the loci of maximum density along each filament need not
be exactly perpendicular to the magnetic field direction (see
e.g. Figure 3 below).
We emphasize that our proposed model of filament for-
mation differs from that described in Auddy et al. (2016),
which considered filaments as ribbon-like structures that are
the direct products from magnetic field-regulated turbulent
compression. In our picture, the formation of filaments is a
two-step process: a converging portion of a supersonic tur-
bulent flow first compresses gas to form a dense layer (a
two-dimensional structure), and then the one-dimensional,
string-like filaments form within this locally-flat region via
anisotropic gas accretion as shown in Figure 1. This filament
formation scenario also differs from that investigated in Hen-
nebelle & Andre´ (2013) and Go´mez & Va´zquez-Semadeni
(2014), which formed filaments via the gravitational collapse
of a molecular cloud as a whole. One would not expect to
see velocity gradient across the major axis of the filament
under such global contraction, which is more similar to the
case shown in the right panel of Figure 1.
Figure 2 illustrates some examples of this kind of ve-
locity gradients within filaments described above, from syn-
thetic observations of model A5ID of CO14. The column
density and the density-weighted line-of-sight velocity are
projected along the direction that is 45◦ from the post-shock
plane and 45◦ from the rough direction of the mean mag-
netic field in the layer (approximately along xˆ), which is
roughly perpendicular to the largest filaments (see the in-
sert at bottom right on Figure 2). For closer comparison
to observations using a dense-gas tracer (e.g. the CLASSy
data discussed below in Section 4), we only include vox-
els from the computational output with number densities
between 104 − 107 cm−3. Figure 2 demonstrates that promi-
nent velocity gradients across the filaments’ major axes are
commonly seen in simulated star-forming regions generated
by shocks, which could be an observable feature of filaments
formed within a flattened layer.
However, gravity-induced anisotropic accretion is not
the only way to produce a velocity gradient perpendicular
to the filament’s major axis. Filaments formed from direct
compression of local shocks could also show such velocity
gradients. These filaments are likely confined by external
ram pressure provided by the shock flows, which would re-
sult in a more significant velocity difference across the fila-
ment. Here, we propose that these two scenarios of filament
formation could be easily distinguished quantitatively if the
velocity difference across the filament and the mass per unit
length of the filament are known.
For simplicity, we consider an idealized cylindrical fil-
ament with mass M and length L. For radial contraction
induced by self-gravity, we have
Ür = −2GM(r)/L
r
. (1)
This can be integrated to give (see e.g. Heitsch et al. 2009)
1
2
Ûr2 = 2G ln
( r0
r
)
M(r)/L, (2)
which represents the radial velocity of gas being pulled grav-
itationally from distance r0 to r by the filament. The ratio
r0/r can be approximated as r0/r ∼ Σ/Σ0 by considering the
mass per unit length of the filament, M/L = Σ · r ∼ Σ0 · r0,
where Σ is the column density of the filament, and Σ0 repre-
sents the average column density of the surrounding environ-
ment wherein the filament has formed. It has been shown in
CO15 that Σ/Σ0 ∼ 2−20 for sufficiently advanced times such
that the filament becomes prominent (see their Figure 6),
which means the logarithm term in Equation (2), ln(r0/r),
can be considered as order of unity. Equation (2) therefore
would yield
Ûr2 ∼ GM(r)/L (3)
for gravitationally contracting filaments.
As discussed above, the velocity gradient across a fil-
ament may be either induced by the self-gravity of the fil-
ament, or may simply reflect supersonic turbulence of the
cloud. To quantitatively distinguish between these two sce-
narios, we define a dimensionless coefficient Cv to compare
the ratio between the kinetic energy of the flow transverse
to the filament and the gravitational potential energy of the
filament gas:
Cv ≡ ∆vh
2
GM(r)/L . (4)
Here, ∆vh is half of the velocity difference across the filament
out to a transverse distance r (on both sides), and M(r)/L
is the mass per unit length of the filament measured at the
same distance from the spine as the ∆vh measurement. The
value of Cv is suggestive of the origin of the velocity gradi-
ent. If Cv  1, the local turbulence is much stronger than
the filament’s self-gravity, and the filament is likely forming
as a result of shock compression. If Cv . 1, the gravitational
potential energy is comparable to the gas kinetic energy,
MNRAS 000, 1–12 (2019)
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Figure 2. The kinematic features of filaments that form in self-gravitating converging turbulent flow simulations. In the example
simulation from CO14, large-scale supersonic turbulence converges locally along the z-direction, forming a post-shock layer in the x-y
plane (insert, bottom-right). When viewed from any direction (except perfectly edge-on), the integrated column density map (bottom-
right) shows filamentary structures formed within the dense post-shock layer. Loci of four line-of-sight velocity maps are marked with
gray boxes. A velocity gradient perpendicular to the major axis of each filament is a common feature for filaments formed within a dense
layer when viewed at any angle except perfectly face-on.
which following Equations (2) or (3) suggests that the veloc-
ity structure is likely induced by the filament’s self-gravity.
We would like to point out that filaments could in principle
have Cv  1 because of projection effects, or if a filament is
at an early formation stage in our proposed scenario. Slowly
re-expanding filaments could also have Cv  1; however, we
note that these filaments are shorter-lived and are less likely
being seen in observations.
Below we provide examples and tests of our filament for-
mation model using both numerical simulations and existing
observation data.
3 FILAMENTS IN SIMULATIONS
3.1 Simulations
The simulations we use are reported in CO14, CO15 and
summarized here. Those simulations, considering a magne-
tized shocked layer produced by plane-parallel converging
flows, were conducted using the Athena MHD code (Stone
et al. 2008), with box size (1 pc)3 and resolutions 2563−5123
(such that ∆x ≈ 0.002− 0.004 pc). In these simulations, box-
scale supersonic inflows (M = 10; modeling the largest-scale
turbulence in a cloud) collides head to head along the z-axis
of the simulation box, creating a flat post-shock region in
the x-y plane. The flow includes a local perturbed velocity
field that follows the scaling law for turbulence in GMCs
σv(`) ∝ `1/2 (with a Fourier power spectrum v2(k) ∝ k−4; see
Gong & Ostriker (2011)), with a largest scale of 1/2 of the
box size. For simplicity, an isothermal equation of state with
sound speed 0.2 km/s is adopted. We adopt model M10B10
from CO15 for our use in this work except in Figure 2, which
uses model A5ID from CO14 to illustrate the kinematic fea-
ture because there are more separated filaments formed in
this particular simulation.
The initial magnetic field in the simulation is set to be
oblique to the shock on the x − z plane with total magni-
tude 10 µG. Within the post-shock layer, the magnetic field
component parallel to the layer (Bx) is strongly enhanced
by compression, while the perpendicular component (Bz)
is not. The post-shock magnetic field is therefore relatively
well-ordered, approximately along the x direction. Though
the exact field strength depends on the angle between the
initial magnetic field and the inflow, the post-shock mag-
netic pressure is approximately equal to the ram pressure in
the inflow in the strong shock limit: Bps2/(8pi) ∼ ρ0v02 (see
CO14 and CO15). This applies when the post-shock region
is dynamically dominated by the shock-amplified magnetic
field.
As discussed in Section 2, to observe the “preferred-
direction” filament formation as illustrated in Figure 1, the
MNRAS 000, 1–12 (2019)
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Figure 3. Snapshots of gas column density showing evolution to create filaments in model M10B10 from CO15. The post-shock magnetic
field lies parallel to the xˆ direction. Gravity causes gas to flow along the magnetic field towards local density maxima, and over time
filaments build up from accreted material. The inset box in dashed lines marks the region analyzed in Figure 4 below.
post-shock layer must have a non-zero relative angle with
respect to the plane of sky (see e.g. Figure 2). Therefore in
the analysis discussed below, the simulation box has been
rotated by θ = 45◦ around the y axis. We note that though
this viewing angle affects the measured velocity difference
across the filament (and therefore the value of Cv), it is not
critical in our analysis as long as it is not the extreme cases
(θ ∼ 0◦ or θ ∼ 90◦). Some discussions of the viewing angle
effect are included in Section 4.3.
Figure 3 shows an example of the evolution of gas struc-
tures formed in the post-shock region (in column density)
at 45◦ viewing angle; since the simulation box is periodic in
the x direction, there are repeated patterns near the edge
of the box. Filamentary structures become prominent at a
time ∼ 0.3 − 0.5 Myr after the initial collision of the con-
vergent flows, with major (more massive) filaments aligned
roughly perpendicular to the local magnetic field.1 We can
already see the footprints of anisotropic gas accretion onto
the filaments from these sequential pc-scale maps; in the
next section, we focus on the ∼ 0.3 × 0.2 pc2 zoom-in region
around the main filament of this simulation (marked by the
dashed-line box in Figure 3) for quantitative analysis.
3.2 Characterizing Filaments
As filaments are effectively projected structures in 2D in
observations, we use the column density map to define fila-
ments. For the main filament in this simulation and within
the zoom-in region from Figure 3, we picked the two ends
of the filament that we want to analyze, and then marked
the “spine” of the filament by finding the maximum column
density at each row of y. We then calculate the distance to
the spine for each pixel, and consider only pixels at distance
dfila < 0.05 pc to the spine in our following analysis. These
are shown in the top row of Figure 4, where we over-plotted
1 There are also thin, hair-like sub-filaments (or striations) that
seem to follow the direction of magnetic field; these are not our
main focus in this study. For further discussions regarding these
field-aligned striations, see Chen et al. (2017).
the spine of the filament and the ±0.05 pc area on the column
density map of the zoom-in region from Figure 3. Note that
this selection of dfila takes the recent Herschel results (that
typical filament width ∼ 0.1 pc) into consideration, and also
(based on the results) is large enough to cover the velocity
gradients across the filaments formed in this simulation.2
We can therefore plot the column density and line-of-
sight velocity profiles of the filament with respect to offset
from the spine, which are shown in the second row (col-
umn density profile) and fourth row (velocity profile) of Fig-
ure 4. Using the column density profile, we chose to define
the filament width in a similar way as the full width at
half maximum (FWHM); i.e. we label the edges of the fil-
ament based on where the column density (in log space)
drops to 50% of (maximum−background) above the back-
ground. Here, the “background” column density is defined
as the minimum value of the column density profile, which
is calculated within ±dfila from the spine. These filament
boundaries are marked as vertical dashed lines in both the
column density and line-of-sight velocity profiles in Figure 4,
with the filament width labeled on the top-right corner of
the column density plot (second row) at each time frame.
We note that, though our method of characterizing filaments
and the choices of parameter values may seem artificial, it
does not affect our results on filament kinematics signifi-
cantly, since we focus on relative comparisons among evolu-
tionary sequences instead of exact measurements of physical
properties at a specific time. In addition, as most of those
filament parameters (mass per unit length, width, etc.) are
highly uncertain in observations, we are only making order-
of-magnitude comparisons, and therefore the detailed mod-
eling of specific filaments is not the main focus here.
2 In fact, note that the simulation considered here (model
M10B10 from CO15) is an ideal MHD simulation, and is there-
fore scale-free, which means it can be easily rescaled to represent
a different physical scale (see e.g. King et al. 2018). This is why we
do not discuss, or compare with those measured in observations,
the width of simulated filaments here.
MNRAS 000, 1–12 (2019)
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Figure 4. The evolution of a sample filament (marked in dashed box in Figure 3), showing the NH column density map (top row, in
log scale) and profile (second row), the line-of-sight velocity (third row, in km s−1) and profile (fourth row), and the converted position-
velocity diagram (bottom row). The dashed regions in the column density maps mark the 0.05 pc radius from the spine (black dots) that
are considered in the profile plots and PV diagrams. The boundaries of each filament (as defined in Section 3.2) are marked by vertical
dashed lines in either the column density or velocity profile plots. The filament width, mass per unit length, velocity difference across
the filament, and the Cv coefficient are also noted in those panels.
MNRAS 000, 1–12 (2019)
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3.3 Filament Kinematics and Evolution
The mass per unit length of the filament can be derived by
integrating filament column density over the filament width,
which is labeled on the top-right corner of each column den-
sity profile in Figure 4 (second row). Not surprisingly, though
the filament width does not vary much over the ∼ 0.2 Myr
time coverage of Figure 4, the mass per unit length increases
by almost a factor of 5. The nearly-constant filament width
could be a hint that the filament is already self-gravitating
at ∼ 0.3 − 0.4 Myr, because otherwise the filament width
should grow when materials flow in and accumulate, thus
increase with its mass. This agree with our filament forma-
tion model described in Section 2, that the post-shock layer
was already at the verge of gravitational instability when
the filament started forming.
Using the column density-defined filament boundaries,
we calculated the velocity difference ∆v across the filament
and the corresponding Cv coefficient, both labeled on the
top-right corner of the velocity profiles in Figure 4 (fourth
row). Combining with the maps of density-weighted average
of line-of-sight velocity in Figure 4 (third row), we see clear
evidence of gravity-induced accretion onto this filament. At
∼ 0.30 Myr after the shock compression (the first time frame
of Figure 4), the right-hand-side of the filament does not
show clear accretion flows onto the filament.3 This is also
reflects in the relatively-gradual slope of the velocity profile
and small ∆v (0.05 km s−1). As the filament becomes more
and more massive (0.35 − 0.40 Myr), inward movements to-
wards the filament spine start to emerge on the right-hand-
side of the filament. This acceleration of gas can be seen on
the velocity profile plot that vlos becomes more negative at
positive offsets, and the increasing velocity difference across
the filament (∆v = 0.16 km s−1 at 0.40 Myr).
Interestingly, at the time frame 0.45 Myr, the gas mo-
tion and the filament self-gravity seem to reach a balance,
as the gas velocity on the left-hand-side of the filament (but
outside the filament boundary) remains roughly constant
(see the velocity profile plot on the fourth row of Figure 4).
Though we cannot say the same for the right-hand-side (the
side with positive offsets) of the filament, when comparing
the velocity profiles at t = 0.45 Myr and 0.51 Myr (the last
two columns in Figure 4) we see that the right-hand-side
gas velocity did not change much over time, indicating that
a rough balance between gas motion and the filament’s self-
gravity has also been reached. We note that the last time
frame, t = 0.51 Myr, in Figure 4 marks the onset of gravi-
tational collapse of the dense core within the filament;4 this
is reflected on the most central part of the velocity profile,
where a transition from a smooth slope (as in t = 0.45 Myr)
to a relatively flat curve (i.e. constant velocity) happens.
This flat region could be a result of radial collapse of the
filament.
The evolution of velocity structure during the forma-
3 Apparently, the local turbulence at the left-hand-side of the
filament happens to be originally strong enough and pushing gas
towards the filament, which could be the reason of the formation
of the “seed” of this filament in the first place.
4 As described in CO14 and CO15, we define the onset of grav-
itational collapse of a dense core as when its maximum density
reaches & 107 cm−3.
tion of the filament can be summarized by the position-
velocity (PV) diagrams shown in Figure 4 (last row). We
clearly see that the distribution of gas in the velocity space
is initially flat (small ∆v; t = 0.30 Myr), and the slope be-
comes steeper and steeper when the filament accretes more
material, forming a bright hub at the center of the PV space
(t = 0.35 − 0.45 Myr). After ∼ 0.45 Myr, the balance be-
tween the filament’s self-gravity and surrounding gas motion
is reached, and therefore the maximum gas speed on each
side of the filament varies little over time. More interestingly,
at t = 0.51 Myr we see the PV distribution of intermediate-
density gas extends towards the reference velocity (i.e. the
velocity of the filament spine at offset = 0) and is less con-
centrated (spreads out to larger offsets), indicating the end
of gravity-induced accretion of gas.
Finally, as discussed in Section 2, we calculated the di-
mensionless coefficient Cv as a quantitative estimate of the
relative importance between gas kinetic energy and the fil-
ament’s self-gravity. The value of Cv at each evolutionary
step is provided on the top-right corner of the velocity pro-
file in Figure 4 (fourth row). One can immediately note that
Cv ∼ 0.1 − 0.3 over the forming process of this filament,
which demonstrates that the filament’s self-gravity is play-
ing a critical role in shaping the velocity profile around this
filament.
4 FILAMENTS IN OBSERVATIONS
Prominent velocity gradients perpendicular to the filament
major axes have been observed in observations, in both a
filamentary infrared dark cloud (Beuther et al. 2015) and
nearby star-forming regions (Palmeirim et al. 2013; Shi-
majiri et al. 2018). Those velocity features are, in a num-
ber of cases, very similar to what is seen in our preferred-
direction mass accretion model when the filaments form
within locally-flat regions (see Section 2). Here, we highlight
a filament from the northwest part of the Serpens South
Molecular Cloud to conduct quantitative analysis and com-
pare with our numerical models.
4.1 Observations: CLASSy and CLASSy-II
The data we use are from the CARMA Large Area Star
Formation Survey (CLASSy) and follow-up observations (re-
ferred as CLASSy-II). The CLASSy project spectrally im-
aged N2H
+, HCO+, and HCN (J = 1 → 0) over 800 square
arcminutes of the Serpens and Perseus Molecular Clouds,
focusing on the NGC 1333, Barnard 1, and L1451 regions
within Perseus, and the Main and South regions of Serpens
(Storm et al. 2014, 2016; Lee et al. 2014). The observational
details are given in those papers; relevant points for this dis-
cussion are that the velocity resolution was ∼ 0.16 km s−1
and the spatial resolution was ∼ 7.6′′.
From the CLASSy sample, several filaments with ve-
locity gradients across the filament width are detected (see
e.g. Ferna´ndez-Lo´pez et al. 2014); the CLASSy-II project
(Dhabal et al. 2018) followed up five filaments detected in
CLASSy samples to further investigate the kinematics of
filamentary structures. As a test of whether the observed
velocity features arise from a chemical effect, CLASSy-II
adopted optically thin dense gas tracers H13CO+ and H13CN
MNRAS 000, 1–12 (2019)
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that were not included in CLASSy. More details about
the CLASSy-II observations can be found in Dhabal et al.
(2018).
4.2 The Serpens South NW (SSNW) Filament
In this work, we consider the N2H
+ data from CLASSy and
the H13CO+ data from CLASSy-II of the Serpens South
northwest (SSNW) filament as a real-life example of our
filament formation model. The location of SSNW filament
(northwest of the Serpens South hub) is marked by the white
box in the left-most panel of Figure 5, which shows the Her-
schel column density map of the Serpens South region. Note
that there are other filaments in the Serpens South region
showing similar velocity gradients (Ferna´ndez-Lo´pez et al.
2014; Dhabal et al. 2018), but those filaments are closer to
the bright, massive Serpens South hub of star formation,
making their structure and kinematics more complex. The
SSNW filament is more isolated and away from the main
star formation activity in the region, and therefore is ideal
for our investigation here.
The upper-half of the middle and right four panels of
Figure 5 summarizes the results from CLASSy N2H
+ and
CLASSy-II H13CO+ observations towards the SSNW fila-
ment, showing the integrated intensity (left) and best-fit
centroid velocity offset of the gas (right), which have been
reported in Dhabal et al. (2018) (see their Fig. 2). The ve-
locity offsets are calculated with respect to the median ve-
locity of the gas within the filament boundaries (see below),
〈vfila〉 = 7.53 and 7.54 km s−1 for N2H+ and H13CO+, respec-
tively. It is clear that the line-of-sight velocity of gas within
the SSNW filament gradually shifts from ∼ +0.4 km s−1 on
the southwest edge to ∼ −0.1 km s−1 on the northeast side
in both N2H
+ and H13CO+ emissions. This velocity gradi-
ent is better illustrated in Figure 6, which shows the PV
diagrams of the SSNW filament from both N2H
+ (left) and
H13CO+ (right) emissions. Here, the offset is calculated with
respect to the spine of the filament (dashed straight line in
the intensity maps; see below for definition). Both N2H
+ and
H13CO+ emission distributions show steep slopes in the PV
space; as discussed on the simulations in Section 3.3, this is
a clear evidence of velocity gradient across the filament.
Since neither of the N2H
+ and H13CO+ data success-
fully recovered a continuous spine of the SSNW filament
(peak intensity at the center of the filament along its major
axis), our method discussed in Section 3.2 is not applicable
here. We therefore hand-picked the spine of the SSNW fila-
ment by eye, which is marked as a straight dashed line in the
upper panels of Figure 5. All pixels with > 2σ signals in the
centroid velocity map (regions within the dashed contour in
the integrated intensity map) are included in calculating the
radial profiles of integrated intensity and centroid velocity
offset, which are plotted in the bottom-half of the four-panel
set in Figure 5 for both N2H
+ (middle set) and H13CO+
(right set). The filament boundaries are defined using the
N2H
+ emission at where the intensity drops below half of
the peak value.5 Note that because of the higher noise level
5 This definition is different from that adopted in our simulated
filament, which takes the “background” into consideration (see
Section 3.2). Since both N2H
+ and H13CO+ are considered as
of the H13CO+ data, the filament boundaries in H13CO+
uses those defined in N2H
+ data. The two boundaries are
marked by vertical dashed lines in the intensity and veloc-
ity profiles in Figure 5; the width for the SSNW filament is
therefore DSSNW ≈ 0.08 pc.
To quantify the magnitude of the velocity gradient
across the SSNW filament, we linearly fit the velocity profiles
within the filament boundaries, and measure the velocity dif-
ference between the two ends of the fit, which is overplotted
on the velocity profiles in Figure 5 (dotted lines). The veloc-
ity difference across a width of 0.08 pc in the SSNW filament
is 0.27 and 0.31 km s−1 for N2H+ and H13CO+, respectively.
From the Herschel column density map of the Serpens
South cloud, we estimated an average column density along
the SSNW filament to be NH ∼ 2.1× 1022 cm−2. Considering
the filament width DSSNW ≈ 0.08 pc, this yields the mass per
unit length M/L = NHmH · DSSNW ≈ 14 M pc−1. Therefore,
the Cv coefficient (see Equation (4)) for the SSNW filament
is about 0.36. The fact that Cv < 1 in the SSNW filament in-
dicates that the observed velocity gradient perpendicular to
the filament could be induced by its self-gravity. In addition,
this Cv values agree with those derived from our simulated
filaments for times when the filament is becoming promi-
nent (see Figure 4). We therefore propose that the SSNW
filament is formed within a locally-flat region by gravitation-
ally accreting material anisotropically.
4.3 Subfilaments in PV Diagram: Multiple
Structures or Density Selection Effect?
Dhabal et al. (2018) found in their data an interesting fea-
ture that some filaments seem to break into two subfilaments
in PV space (see e.g. their Fig. 9 and 12), with velocity dif-
ference ∼ 0.5−1.0 km s−1. Multiple velocity components have
also been observed in the L1495/B213 filaments in Taurus
(Hacar et al. 2013), and have been interpreted as subfila-
ments which are either created from filament fragmentations
(Tafalla & Hacar 2015) or are going to collide to form more
massive filaments (Smith et al. 2016). Here, as an extension
of our filament formation model, we provide an alternative
explanation to the subfilaments reported in Dhabal et al.
(2018): density selection effect.
Considering the nature of molecule excitation, each
molecular line is prominent over a certain range of gas den-
sity. This means that for a given molecular line, it may not
trace the entire filament all the way from the outer part to
the central spine, which could have density (or column den-
sity) enhancement as large as an order of magnitude (see e.g.
Figure 4). A similar argument has been discussed in Clarke
et al. (2018), who used synthetic C18O observations of fil-
aments formed in turbulent simulations to show that C18O
emission could be dominated by the outer envelopes of the
central, overdense regions of the filaments and thus show
multiple velocity components in the spectra.
Though detailed chemical modeling and radiative trans-
fer calculation is beyond the scope of this paper, a simple
experiment using our simulated filament (Figure 4) demon-
strates this density selection effect, which is illustrated in
dense gas tracers, they should not be sensitive to lower density
background gas.
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Figure 5. Left: The Herschel column density map of Serpens South region, with the location of the Serpens South NW filament marked
by white box. Middle set of four panels: The N2H
+ integrated intensity in Jy beam−1km s−1 (top left) and line-of-sight velocity offset
(top right, with integrated intensity contours) maps of the SSNW filament from CLASSy, with the corresponding spatial profiles (bottom
sub-panels) measured with respect to the spine of the filament (dashed straight line in the upper panels). Right set of four panels: Similar
to the middle four panels, but for H13CO+ data from CLASSy-II. Both data sets are clipped at 2σ (see Dhabal et al. 2018). The width
of the filaments (in both N2H
+ and H13CO+) are defined by the FWHM of the N2H
+ integrated intensity because of the slightly higher
noise in H13CO+ data. The velocity differences measured from both tracers at the same width are also labeled on the velocity profile
plots.
Figure 6. The PV diagrams of the SSNW filament, from CLASSy
N2H
+ data (left) and CLASSy-II H13CO+ data (right).
Figure 7. The first column of Figure 7 shows the same col-
umn density map and PV diagram from the last column of
Figure 4, which represents the “ideal” situation when every
voxel in the filament is contributing equally to the integrated
column density. These voxels have volume density range
nH ∼ 103.5 − 108 cm−3. With the same viewing angle (45◦
from the normal of the locally-flat shock-compressed layer
where the filament formed), the third column of Figure 7
shows the integrated column density map and PV diagram
of the filament with a density cutoff: only voxels with gas
density within the range nH = 103.5 − 105 cm−3 are included
in calculating column density. Two separated components
can be clearly seen in the resulting PV diagram,6 with ve-
locity difference ∼ 0.3 km s−1. This nicely reproduces the
subfilaments in PV space observed by Dhabal et al. (2018).
However, one may ask why subfilaments in PV space
are not always seen in observations, like the SSNW filament
discussed in the previous section (see e.g. Figure 6). In ad-
dition to chemical dependence of molecular line emission on
gas properties, we argue that the viewing angle could also be
critical in finding these subfilaments. In Figure 7 we present
the column density maps and PV diagrams of the same fila-
ment with the same density cutoff, but from two additional
inclination angles of the filament-forming layer with respect
to the plane of sky, 30◦ (second column) and 60◦ (fourth
column), to compare with the fiducial case 45◦ (first and
third columns). Obviously, the separation between the two
components in the PV space becomes less prominent when
the inclination angle is large (i.e. when the layer is close to
edge-on), and one can hardly distinguish the two “subfila-
ments” in PV space for the case of inclination angle = 60◦.
This can be easily understood as gas contents from the two
sides of the filament overlap along the line of sight.
6 Note that for cases with density cutoffs, the spine of the fila-
ment and the region considered in the PV diagram are derived
from the original simulation data without density cutoff, because
with density cutoffs the central part of the filament no longer cor-
responds to local maxima in column density, and therefore it is
impossible to define the spine.
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Figure 7. Illustration of the density selection effect at various viewing angle. The first column represents the reference case, which is
from the last column of Figure 4; i.e. considering all cells with volume density with 103.5 − 108 cm−3 with viewing angle 45◦. Columns
2 − 4 show the same filament viewed at different angles, and including only cells within the narrower density range 103.5 − 105 cm−3. Top
row: NH column density map (in log scale). Bottom row: PV diagram along the filament spine (black lines in the top row) for gas within
the 0.05 pc radius (dashed regions in the top row). The subfilaments can be clearly seen in the PV diagram for some viewing angles,
which is simply caused by the missing high-density gas near the filament spine (small offset from the filament).
We would also like to point out that another feature
of these density selection effect-induced subfilaments is that
the spine of the filament is sometimes missing or less obvi-
ous in the integrated emission map, because there are not
enough voxels along the line of sight at the central part of
the filament that are within the required density range to
contribute to the integration. In observations, this represents
the case when the gas density around the filament spine is
too high to emit the specific molecular line in consideration.
This feature can be actually seen in some filaments reported
in Dhabal et al. (2018) that have multiple components in
PV space, like the Serpens South E filament (their Fig. 3)
and the NGC 1333 SE filament (their Fig. 6).
Note that we do not claim that density selection ef-
fect is the reason for all observed subfilaments (or fibers)
in velocity space, even though it does appear that these
subfilaments are more common in moderate-density tracers
(e.g., C18O) than high-density tracers (e.g., N2H
+). Future
high-resolution continuum observations will be the key to
revealing the unbiased gas structure of these filaments with
multiple velocity components.
5 SUMMARY
In this paper, we combine kinematics of observed and sim-
ulated dense gas structures to provide evidence for a model
in which gas filaments form via in-plane flows parallel to the
magnetic field in shock-compressed layers. CLASSy data to-
wards Perseus and Serpens Molecular Clouds demonstrated
prominent velocity gradients transverse to the filament ma-
jor axis, a feature of the preferred-direction accretion model
of filament formation, as shown in numerical simulations of
CO14 and CO15. The quantitative comparison between ki-
netic and gravitational energy also suggests that the ob-
served velocity gradients are induced by the filament self-
gravity.
Our main conclusions are as follows:
(i) We quantitatively examine a scenario to form dense,
star-forming filaments within locally-flat gas layers com-
pressed by supersonic turbulence within a molecular cloud.
In the case that the shock is strong enough to compress
gas to be almost self-gravitating, local velocity perturbation
within the shocked layer can lead to the filamentary struc-
ture by creating seeds that grow via gravitational collection
of material. Within the layer, the gravity-induced accretion
flows onto the forming filament are preferably parallel to the
layer, which results in the kinetic feature of linear velocity
gradient across the filament when viewed from any direction
except face-on (Figure 1). This feature is commonly seen in
numerical simulations (CO14, CO15) considering convergent
flows that compress gas and form post-shock layers wherein
filaments and prestellar cores develop (Figure 2).
(ii) To demonstrate that the velocity gradient perpen-
dicular to the major axis of a filament seen in our simu-
lations is induced by the filament self-gravity, we follow the
time evolution of a forming filament from one of our simula-
tions (Figure 4). The fact that the velocity gradient becomes
more prominent with the filament unit mass (mass per unit
length) supports our model of the origin of such velocity
gradient. In addition, by quantitatively calculating the ra-
MNRAS 000, 1–12 (2019)
Filament Formation from Shocked Flows 11
tio between gas kinetic energy and filament gravitational
energy Cv (Equation (4)), we show that the self-gravity of
the filament is indeed strong enough to induce such velocity
structure (Section 3.3).
(iii) We test our model on a filament in the Serpens
South northwest region (SSNW filament), which was firstly
observed by CLASSy and later followed-up by CLASSy-II
(Dhabal et al. 2018). Both the CLASSy N2H
+ and CLASSy-
II H13CO+ data of the SSNW filament show velocity pro-
files in good agreement with our filament formation model
very well, and with Cv ∼ 0.3 the filament self-gravity is def-
initely responsible for the observed velocity gradient across
the SSNW filament (Figure 5).
(iv) As an extension of our filament formation model, we
propose that the multiple components in PV space within
an individual filament, as reported in Dhabal et al. (2018),
could be due to density selection effect. Instead of being
real structures, these separated “subfilaments” may simply
reflect the fact that the central zone of the filament is too
dense to emit certain molecular lines that are used to trace
the outer part of the filament. We demonstrate this effect by
adopting a simple density cutoff on synthetic observations
toward one of our simulated filaments, and we note that this
effect is dependent on the viewing angle with respect to the
locally-flat, filament-forming layer (Figure 7).
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